A quantum chemical study using a DFT/6-31+G(d) method has been performed on three types of Schiff base compound that are used as corrosion inhibitors for mild steel to determine the relationship between their molecular structures and their inhibition efficiency(IE). HOMO orbital (EHOMO) and LUMO orbital (ELUMO) energies and other physical properties have been calculated, with these results showing that IE had a good linear relationship to E, η, σ and QN charge (imino nitrogen). These theoretical results were in accord with previously reported experimental results and have been used to identify some new homologous Schiff base compounds that are predicted to exhibit better corrosion inhibition performance.
INTRODUCTION
Malleable mild steel is cheap and easy to prepare and widely used by the petroleum industry, with HCl often used in oil and gas fields to clean its metal surfaces and remove rust, with organic compounds/polymers often used as coatings to inhibit corrosion of its metal surface . Some of these inhibitors contain functional groups [3] [4] [5] [6] that can donate electrons to the metal surface, with Schiff base inhibitors having previously been reported as corrosion inhibitors for mild steel in acidic solution [7] [8] [9] [10] [11] [12] [13] [14] . Küstü et al. have previously used weight loss, polarization and impedance techniques to study the inhibitory effects of three kinds of Schiff base compounds on the corrosion behavior of mild steel in 2M HCl solution at 298K (Table 1) 15. Quantum chemical methods combined with experimental results have previously been used to investigate the structure and performance of corrosion inhibitors [16] [17] [18] . This theoretical study has carried out an investigation to correlate quantum chemical parameters of these Schiff base compounds with their experimentally determined corrosion efficiencies. The following structural parameters of these compounds were calculated: HOMO orbital energy(EHOMO), LUMO orbital energy(ELUMO), energy gap (ΔE), some charge distributions (Q), dipole movement (μ) , the absolute electro-negativity values (χ), global hardness (η), electron affinity (A), softness (σ), ionization potential (I) and the fraction of electrons transferred (ΔN). Linear regression analysis methods have been used to determine which parameters are most important for corrosion inhibition efficiency IE, with the results of this study being used to identify the structures of new imine analogues that are predicted to exhibit enhanced corrosion inhibition properties. Table 1 . Abbreviations and molecular structures of the studied compounds.
THEORY AND COMPUTATIONAL DETAILS
DFT (density functional theory) methodsError! Reference source not found.-23] were used to optimize structures and quantum parameters for the three classes of Schiff base compound, using a 6-31+G(d) basis set with B3LYP functional to carry out calculations [24] [25] . HOMO (EHOMO) and LUMO (ELUMO) orbital energies for these imines were optimized and verified without imaginative frequencies. The effect of solvent was determined employing an SMD model using a dielectric constant of 78.5 for water26, with all calculations performed using Gaussian09 software26. Figure 1 . The molecular structure of inhibitor Figure 1 shows the molecular structure of the corrosion inhibitors investigated in this study, with Table 2 containing their structural parameters that were determined using quantum chemical calculations. EHOMO and ELUMO are defined as the energies of the HOMO and LUMO orbitals of each inhibitor, respectively, whilst ΔE (ΔE=EHOMO-ELUMO) is the energy gap between them. According to Koopman's theorem28，the ionization potential (I) and electron affinity (A) values of a compound are related to the energies of its HOMO and LUMO orbitals, where: I=-EHOMO and A=-ELUMO. Absolute electronegativity (χ) and global hardness (η)29 values were calculated using the equations: χ=(I+A)/2 and η=(I-A)/2, respectively, with softness values defined using the equation : σ=1/η. These values could be used to calculate the fraction of electron density transferred from the inhibitor to the iron surface [30] [31] , which has the following format: N=(χFe-χinh)/2(ηFe+ηinh), where, χFe=7.0 eV/mol and ηFe=0 eV/mol for iron and I=A 29. QR1 refers to a carbon atom's net charge when present in a benzene ring (R1); Q-OH refers to the net charge of an -OH group; QN and QC refer to the net charges of the N and C atoms of a -CH=N-group; QN=C refers to the total charge of N and C of a -CH=N-group; QR2 refers to the total charge of an R2 group. Unitary or linear calculations that correlate corrosion IE to quantum chemical parameters were used to establish regression equations, multiple correlation coefficients (R and R 2 ). These values (with R 2 coefficients close to 0.99) were then used to determine correlation coefficients for formula (3), (4), (6) and (8) (see Table 3 ). 
RESULTS AND DISCUSSION
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Correlation between molecular orbital energies and IE
Inhibitor adsorption processes were studied using frontier molecular orbital theory32, with the HOMO and LUMO frontier orbitals of the three inhibitors shown in Figure 2 showing similar activity coefficients. The HOMO orbitals are largely located on R1 (benzene ring) and the -CH=N-groups. The HOMO orbital distribution of these inhibitors was relatively uniform, which enables the imine to adsorb strongly to the metal surface, resulting in electron density from the HOMO orbital of the inhibitor being transferred to the empty orbitals of the metal surface. Table 3 shows that the higher the energy of the HOMO orbital, the better its performance as an inhibitor, with the M3 imine exhibiting the highest HOMO energy (-6.141eV) and the best corrosion inhibition performance of 93.0%.
The HOMO-LUMO energy gap (ΔE) is another important factor affecting the performance of corrosion inhibitors, with a low (ΔE) favoring electron transfer to the empty orbitals of the metal surface. This means that IE values increase as ΔE values decrease, with the relationship between IE and ΔE given the formula: IE= 500.653-87.840×ΔE, with a good R 2 =0.99918 value observed for this correlation. Other molecular parameters, such as dipole moment (μ), absolute electronegativity values (χ), electron affinities (A), global hardness (η), global softness (σ), ionization potentials (I) and the fraction of electrons transferred from inhibitors to iron (ΔN) were also calculated ( Table 2 ). The multi-linear regression function relationships between these parameters and corrosion IE are shown in Table 3 , which reveals that IE has a good relationship with global hardness (η), softness (σ) and ΔN. The correlation coefficients of these equations (formula (6), (8) and (9)) were in the range 0.97~0.99, indicating that they affect the performance of corrosion inhibitors significantly.
Global hardness and softness can determine the stability and reactivity of corrosion inhibitors, with hard inhibitors often exhibiting large HOMO-LUMO energy gaps, whilst soft inhibitors normally have a small HOMO-LUMO energy gap. Therefore, soft corrosion inhibitors often have better activities than hard inhibitors, because they can more easily donate electrons to the metal surface 33. In this study, the M3 imine was shown to exhibit the lowest hardness value (2.319eV) and highest softness value (0.431eV -1 ), which correlated with it exhibiting the best corrosion inhibition performance. ΔN is another important factor affecting corrosion inhibition performance, with higher ΔN values (more electrons transferred from inhibitor to iron surface) corresponding to increased IE values [28, 30] . The Schiff base inhibitors used in this study form an absorption layer that donates electrons to the iron surface, which serves to help prevent surface corrosion. Inhibitor M3 gave the highest IE value, because it has the highest HOMO energy (EHOMO= -6.141eV) and ΔN (ΔN=0.685) values, that result in greater numbers of electrons being transferred to the metal surface .
Correlation between Mulliken charge and inhibition efficiency
The relationship between the Mulliken charge of various atoms (or groups) and experimentally determined IE values were also determined, using linear regression to analyze the net charges -QR1, Q-OH, QN, QC, QN=C and QR2. The Mulliken charges for nitrogen and carbon atoms were found to be well correlated, affording R values of 0.9960 and 0.982, respectively, whilst the charges of the N=C group gave an R value of 0.965. This indicates that the contributions of the N and C atoms and the N=C group to IE are much greater than the contributions from the R1, R2 and -OH groups. This indicates that donation of electron density from the lone pair of the N=C group to the metal plays a major role in determining the corrosion performance of these Schiff base inhibitors.
To further investigate which part of the inhibitor plays a critical role for corrosion inhibition, molecular electrostatic surface potentials were determined using DFT/6-31+G(d) calculations, which showed that the majority of negative charge was centered on the heteroatoms of the N=C and -OH groups (see Figure 3) . Therefore, it is likely that adsorption of these inhibitors to the metal surface occurs through their N=C and -OH groups, which explains why the QN, QC and QN=C and Q-OH charge values correlate best with their overall IE levels.
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Interaction between inhibitors & Fe(100) surface and corrosion-inhibition mechanism
As these Schiff bases compounds used as inhibitors of mild steel corrosion in HCl solution, a two layers Fe(100) surface constructed by cluster of Fe53(32,21) was selected for molecular mechanics simulation in order to study the interaction and corrosion-inhibition mechanism. During the simulation, we find that regardless of the initial state of these molecules, the inhibitors always tend to adsorb parallel to the metal surface. In addition, we also calculated the electrostatic potential surfaces (Figrure 4). From Figure 4 we can find that after the adsorption, there are some electrons transferred from inhibitor to Fe(100)surface. The surface in Fig. 4(a) received the least electrons(ΔN=0.630) and that in Fig. 4(c) receives the most (ΔN=0.685) . This also explains intuitively why M3 has the best inhibition performance. In HCl solution, Fe has the tendency to lose electrons to become iron ions and corrosion inhibitor molecules could provide electrons to the metal to become corrosion inhibitor cations; then the inhibitor cations are adsorbed on the metal surface, preventing the same positively charged hydrogen ions from contacting metal surfaces in the solution ( Figure 5 ). Therefore, these compounds acts as a corrosion inhibitor and the metal surface has been protected from corrosion. 
Prediction of efficiency of corrosion inhibition by new inhibitors

M7
The results of this theoretical study were then used to identify the structures of some analogous inhibitors with improved corrosion performance. The core structures of these inhibitors was maintained, with their R2 fragments being replaced by a range of other groups to afford a small series of structurally related compounds (Table 4 , M4~M10). Quantum chemical parameters were then carried out on these virtual compounds using DFT/6-31+G(d) calculations, with their IE values calculated using formula (3), (4), (6) and (8). Table 3 .
These theoretical studies revealed that inhibitors M4 and M10 were predicted to exhibit better corrosion inhibitor performance (IE% close to 80%) than the parent imines. The three -OH groups of M4 were predicted to be capable of donating more electron density to the metal surface, whilst the R2 group (CH3-C6H5-) of M10 introduces a conjugated aryl ring that would potentially increase its adsorption to the metal surface to afford a better corrosion inhibitory effect.
CONCLUSIONS
DFT methods based on B3LYP/6-31+G(d) level calculations have been used to investigate three kinds of Schiff base inhibitors enabling the relationship between IE and their quantum chemical structure parameters to be identified. Relationships between their corrosion inhibitor efficiencies and these quantum chemical parameters have been determined and the factors affecting IE identified using linear regression analysis. Four formulas describing the relationship between structure and performance have been used to establish that corrosion inhibition properties are dependent on the EHOMO & ELUMO, ΔE, global hardness, softness, and ΔN values of the inhibitor. The theoretical data obtained for these corrosion inhibitors in this study correlated well with previously determined experimental results. These theoretical methods were used to predict the performance of some new corrosion inhibitors, which revealed that two analogous imine inhibitors are likely to exhibit improved corrosion inhibitor properties.
